Aims/hypothesis. The ATP-regulated potassium (K ATP ) channel in the pancreatic beta cell couples the metabolic state to electrical activity. The primary regulator of the K ATP channel is generally accepted to be changes in ATP/ADP ratio, where ATP inhibits and ADP activates channel activity. Recently, we showed that long-chain CoA (LC-CoA) esters form a new class of potent K ATP channel activators in rodents, as studied in inside-out patches. Methods. In this study we have investigated the effects of LC-CoA esters in human pancreatic beta cells using the inside-out and whole-cell configurations of the patch clamp technique. Results. Human K ATP channels were potently activated by acyl-CoA esters with a chain length exceeding 12 carbons. Activation by LC-CoA esters did not require the presence of Mg 2+ or adenine nucleotides. A detailed characterization of the concentration-dependent relationship showed an EC 50 of 0.7±0.1 µmol/l. Furthermore, in the presence of an ATP/ADP ratio of 10 (1.1 mmol/l total adenine nucleotides), whole-cell K ATP channel currents increased approximately sixfold following addition of 1 µmol/l LC-CoA ester. The presence of 1 µmol/l LC-CoA in the recording pipette solution increased beta-cell input conductance, from 0.5±0.2 nS to 2.5±1.3 nS. Conclusion/interpretation. Taken together, these results show that LC-CoA esters are potent activators of the K ATP channel in human pancreatic beta cells. The fact that LC-CoA esters also stimulate K ATP channel activity recorded in the whole-cell configuration, points to the ability of these compounds to have an important modulatory role of human beta-cell electrical activity under both physiological and pathophysiological conditions. [Diabetologia (2004) essential function has been included in the model of glucose-induced insulin secretion. In this model, increases in blood glucose levels lead to metabolism of glucose which generates an increase in the ATP/ADP ratio. The consensus view is that increases in the ATP/ADP ratio promote closure of the beta-cell K ATP channel, thereby depolarizing the cell membrane resulting in opening of voltage-dependent Ca 2+ channels. The subsequent rise in cytoplasmic free Ca 2+ concentration triggers a series of events leading to exocytosis of insulin. Hence, the K ATP channel provides a critical link between glucose metabolism, electrical activity and insulin secretion in the pancreatic beta cell.
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The most important molecular regulators of K ATP channel activity are believed to be adenine nucleo-ATP-sensitive potassium (K ATP ) channels play a key role in the coupling between cellular metabolism and electrical activity in a wide range of tissues. Since the discovery of these channels in the beta cell [1] , their tides, where intracellular ATP plays a central role. It has been shown that ATP inhibits K ATP channel activity in excised membrane patches, with reported halfmaximal inhibitory concentrations between 5 and 15 µmol/l [1, 2, 3] . Because of the presence of ATP in the millimolar range in the intact beta cell, endogenous agents capable of modulating ATP-sensitivity of the K ATP channel must be of importance in the regulation of the channel. Several nucleotides, e.g. ADP and GDP, are known to stimulate K ATP channel activity in the presence of inhibitory concentrations of ATP [4, 5] . Most studies have concentrated on the effects of ADP since the concentrations of ATP and ADP change reciprocally in response to glucose metabolism [6] . In the intact beta cell the ratio of ATP/ADP is considered more important than ATP alone in the regulation of K ATP channel activity and thereby in the control of beta-cell membrane potential. Thus, substances with the ability to stimulate K ATP channel activity are of special importance in the control of beta-cell membrane potential, electrical activity and thereby insulin secretion. Detailed characterization of endogenous substances with the ability to activate the channel is a fundamentally important area of diabetes research, especially in light of one report showing that over-activity of the beta-cell K ATP channel induces profound neonatal diabetes [7] . These data indicate that reduction of the sensitivity of the channel to nucleotide inhibition can have a dramatic effect on insulin secretion, consistent with a crucial requirement for adequate control of K ATP channel activity in normal regulation of insulin release.
In a series of publications, we have identified and characterized long chain acyl-coenzyme A (LC-CoA) esters as being a new class of molecules exhibiting a potent stimulatory effect on rodent beta-cell K ATP channel activity [8, 9] . The LC-CoA esters, endogenous substances found in many cells including the pancreatic beta cell [10] , were shown to be the most potent endogenous activators of the K ATP channel, and able to reduce the sensitivity of the channel to ATP [8, 9] . The stimulatory effect seems to be confined to long-chain acyl-CoA esters, since addition of malonyl-CoA (3 carbon chain length) is without effect on the K ATP channel [8] . Unlike another recently described group of lipid activators, anionic phospholipids [11, 12] , LC-CoA esters seem to be highly specific for the K ATP channel [8, 13] . The LC-CoA esters are, on a molar basis, 100 to 1000 times more potent than ADP [9] and both saturated and unsaturated LCCoA esters induce a rapid, reversible activation of the beta-cell K ATP channel [8] . In this study, we have characterized the effects of LC-CoA esters on the human pancreatic beta-cell K ATP channel.
Materials and methods
Preparation of betacells. All pancreases were retrieved from brain dead cadaver heart-beating multiorgan-donors within the Eurotransplant area. After getting informed consent of one of the next relatives of the diseased, donor centers reported a potential multiorgan donor to Eurotransplant, Leiden, Netherlands. Organ allocation was done by Eurotransplant according to current guidelines of the donor country. For Germany, allocation was done according to the official guidelines in organ transplantation of the Bundesärztekammer. Islet preparations were used for research purpose only if they could not be used for clinical islet transplantation. The islets were isolated at Giessen Islet Isolation and Transplantation Center according to a modified semi-automated digestion-filtration method, followed by purification on a continuous density gradient on a refrigerated COBE 2991 centrifuge [14, 15] . Subsequently, islet preparations were placed in untreated culture flasks and maintained in suspension culture at 24°C (5% CO 2 in humidified air) for 4 to 7 days. Two media changes were carried during that period. Islet volume and purity were determined by microscopical sizing on a grid after staining with diphenylthiocarbazone [16] and viability was assessed by membrane integrity testing (trypan blue exclusion). Islets were shipped to the department of Molecular Medicine at Karolinska Institutet, Stockholm, Sweden, where a cell suspension was prepared [17] . The dispersed beta cells were seeded into Petri dishes (Nunc, Roskilde, Denmark) and incubated at 37°C under 5% CO 2 using RPMI 1640 culture medium (Flow Laboratories, Irvine, UK), supplemented with 10% foetal bovine calf serum and antibiotics (100 IU/ml pencillin, 100 µg/ml streptomycin and 60 µg/ml gentamycin). The study was performed in accordance with the declaration of Helsinki and the study was approved by the medical ethics committee at Huddinge University Hospital (reference ID 120/97).
Electrophysiology. K ATP channel activity was recorded with the patch-clamp technique [18] , using an Axopatch 200 patchclamp amplifier (Axon Instruments, Foster City, Calif., USA). The recorded signal was stored on magnetic tape (JVC, Tokyo, Japan) at an upper cut-off frequency of 2 kHz. Single channel current traces were displayed according to the convention, upward deflections denoting outward currents. All experiments were carried out at room temperature (20-24°C) and channel activity was measured at 0 mV unless otherwise indicated. Whole cell K ATP channel currents were recorded using the conventional or perforated-patch whole-cell configuration of the patch-clamp technique. Data analysis. For analysis of mean current, channel recordings were filtered at 0.2 kHz (−3 dB value, 8 pole Bessel filter; Frequency Devices, Haverhill, Mass., USA), digitized at 0.8 kHz and stored in a computer, using an Axon Instrument analogue digital converter (TL-1). The mean current was calculated as previously described [5] . Data obtained from the concentration-dependence curves for LC-CoA esters were fitted to the Hill-equation:
where EC 50 is the concentration of LC-CoA esters ([LC-CoA]) causing half-maximal activation, h denotes the Hill value and L normalized maximal channel current. Data are shown as means±SE. Channel activity was compared using Student's t-test or ANOVA for multiple groups and p values less than 0.05 were considered statistically significant. All experiments were repeated three times with similar results if not stated otherwise.
Results
Long-chain CoA esters stimulate KATP channel activity in the human pancreatic beta cell. K ATP channel activity was recorded in freshly excised patches from human pancreatic beta cells (Fig. 1) . Addition of 1 µmol/l palmitoyl-CoA increased K ATP channel activity (Fig. 1a) . In contrast to other known K ATP channel activators, such as ADP and diazoxide, which are ineffective in the absence of Mg 2+ , palmitoyl-CoA activated K ATP channel activity in a non Mg 2+ -dependent manner (Fig. 1b) . Furthermore, even in the presence of a high concentration of ATP (1 mmol/l) that fully blocks channel activity, addition of palmitoyl-CoA in the continuous presence of ATP was still able to activate the channel (Fig. 1c) .
Administration of 0.1 mmol/l diazoxide in the presence of 0.1 mmol/l ATP counteracted the blocking effect of ATP. Inclusion of 1 µmol/l palmitoyl-CoA, in the continued presence of ATP and diazoxide, induced a marked further increase in K ATP channel activity (Fig. 1d) . In addition to being able to counteract the blocking effect of ATP, palmitoyl-CoA was also able to reverse the inhibitory effect of 0.1 mmol/l of the sulfonylurea tolbutamide (Fig. 1e) .
KATP channel activation and chain-length dependence of acyl-CoA esters. To define the dependency of chain-length for the stimulatory action of acylCoA esters in human pancreatic beta cells, we tested the effects of esters with chain lengths between eight and eighteen on K ATP channel activity. Only acylCoA esters with a chain length of 14 carbons (lauroyl-CoA) or longer gave rise to increased K ATP channel currents (Fig. 2 ). There was a maximal effect obtained administering palmitoyl-CoA (C16:0), with no further increase following addition of oleoyl-CoA (C18:1).
Effects of LC-CoA esters on single KATP channel kinetics. Addition of 300 nmol/l palmitoyl-CoA induced channel openings of longer duration as compared to the control situation (Fig. 3a) . A detailed analysis of channel open-time from the same recording revealed that in the absence of nucleotides and LC-CoA, the distribution of K ATP channel open-time was best described by a single exponential with a time constant of 33 ms (Fig. 3b left panel) . Addition of palmitoyl-CoA to the same patch resulted in the appearance of a second component with a time constant of 177 ms, where 54% was related to the slow component (Fig. 3B right panel) . (Fig. 4a) . Upon addition of 10 nmol/l palmitoyl-CoA no effect on channel activity could be seen, whereas 100 nmol/l palmitoyl-CoA clearly increased K ATP channel activity, an effect which was even more pronounced at 1 µmol/l of the ester. Compiled data show a concentration-dependent increase in K ATP channel currents following increasing concentrations of palmitoyl-CoA (Fig. 4b) . Concentration-response data were fitted using Hill-equation, and resulted in an EC 50 of 0.7±0.1 µmol/l, and a Hillvalue (h) of 3.7 (n=4-6). To verify that this was not an effect specific to the excised patch configuration, we studied whole-cell currents. The cells were voltageclamped at −70 mV, on top of which voltage excursions of 5 mV (200 ms) were superimposed at a rate of 0.5 Hz, a protocol reflecting K ATP channel conductance in the beta cell [19, 20] . Whole-cell input conductance in the presence of 0.1 mmol/l ATP and 0.1 mmol/l ADP was found to be around 0.4 nS, which slightly decreased with time (Fig. 4c) . In experiments where 1 µmol/l of palmitoyl-CoA was included in the recording pipette solution we observed a slow but steady increase in whole-cell input conductance Under control conditions, the distribution of channel lifetimes could be described by a single exponential with a time constant τ of 33.6 ms. A total number of 218 events were analyzed. In the presence of palmitoyl-CoA, distribution was best described as the sum of two exponentials with τ 1 =19.8 ms and τ 2 =177.4 ms. A total number of 308 events were analyzed where 54% of the integrated events belonged to the slow component. c, K ATP channel I-V relationships at potentials between −80 mV and +80 mV in the absence (open circles) and presence (filled circles) of 1 µmol/l palmitoyl-CoA. d, single K ATP channel currents recorded at the indicated potentials in the presence and absence of 0.1 mol/l palmitoyl-CoA. Current traces were filtered at 0.2 kHz and digitized at 0.8 kHz (Fig. 4c) . Compiled data show that there was a pronounced increase in input conductance in cells perifused with palmitoyl-CoA after 3 min, an effect that was even more pronounced after 6 min (Fig. 4d) . On average, the presence of 1 µmol/l palmitoyl-CoA induced a four-to five-fold increase in input conduc- (Fig. 4b) .
The presence of 5 mmol/l glucose resulted in an input conductance of approximately 0.7 nS (Fig. 5a ). Following addition of 5 µmol/l oleic acid to the perifusing buffer, input conductance dramatically increased to around 4.4 nS. The increase in conductance was biphasic and slowly returned toward control value with time. In another set of experiments, we first incubated the cells in the absence of glucose for at least 30 min, after which 5 mmol/l glucose was introduced. Exposure of the beta cell to glucose decreased input conductance from 1.1 to 0.4 nS. Addition of 5 µmol/l oleic acid, in the continued presence of glucose, reversed the glucose-induced decrease in input conductance to a higher level than was found in the absence of glucose (Fig. 5b) .
Discussion
This study shows that LC-CoA esters are potent modulators of K ATP channel activity in human beta cells as we previously found in insulin-secreting cell lines (own unpublished findings), primary mouse pancreatic beta cells [8, 9] as well as in transiently expressed K ATP channels in oocytes [13, 21] . The experiments also provide further evidence that LC-CoA esters have the ability to counteract ATP-induced closure of the K ATP channel in vitro. The data thereby point to the possibility of this class of lipid K ATP channel activators to be involved in the suppression of glucoseinduced depolarization following exposure to high levels of lipids. It has been shown previously that the site of action to induce a stimulatory effect of ADP differs from that of LC-CoA esters [9, 13, 21] . Since diazoxide has been suggested to share, at least partly, the site of interaction with ADP [22] , additional activation by LC-CoA in the presence of diazoxide further support the presence of a unique site of action for LC-CoA esters to induce K ATP channel activation.
We have earlier shown that the stimulatory effect of LC-CoA esters seems to be specific for the K ATP channel since no stimulation was observed of the K Ca or the 8 pS K + channels, both of which are present in the beta cell [8] . This specificity is further indicated by expression studies, showing that the stimulatory effect of the acyl-CoA esters is conferred to the pore-forming subunit Kir6.2 of the K ATP channel [13, 21] . Furthermore, a related Kir channel, Kir1.1a, which shares about 45% sequence identity with Kir6.2, is if anything inhibited by the LC-CoA ester [13] . In our study we have also in detail investigated to what extent the stimulatory effect of acyl-CoA is chain-length dependent. We found that only acyl-CoA esters with a chain-length exceeding 12 carbons are active. This is important to note from the point of view that overnight incubation with NEFA induces an increase in the levels of LC-CoA esters with no change in total amount of acyl-CoA esters [8] . Since added NEFA can be rapidly taken up by the cell [23] and converted to a LC-CoA ester, we examined the effect of oleic acid (C18:1) on whole-cell K ATP currents. These data are in agreement with a previous report on NEFA modulation of K ATP channel activity in clonal beta cells [24] . The stimulatory effect of NEFA on whole-cell K + currents are not likely to be caused by a direct effect of NEFA on K ATP channel activity since the NEFA, if anything, inhibits K ATP channel activity as studied in excised patches [9] . The data rather point to the possibility that exogenously added NEFA is transported into the cell and converted to LC-CoA, which in turn promotes K ATP channel activity.
The fact that the beta-cell membrane potential is mainly determined by the activity of the K ATP channel [19] together with reports showing that K ATP channel activity is not regulated normally in diabetic animal models [25] , point to an important link between diabetes and a disturbed K ATP channel function. One possible explanation to this is a decreased metabolic activity in the diabetic state, affecting the ability of glucose to increase the ATP/ADP ratio. However, although the general consensus is that the K ATP channel is mainly regulated by alterations in the ATP/ADP ratio, several findings point to the fact that other routes are involved. Mutations of the site where ADP interacts with SUR1 prevent the stimulatory effects of ADP on K ATP channel activity in inside-out patches, whereas metabolic activation is not affected to the expected extent in whole-cell recordings [22, 26] . This suggests the involvement of other endogenous substances in the regulation of the K ATP channel. It is therefore essential to characterize in detail endogenous compounds with the ability to activate the K ATP channel. This is a fundamentally important issue to clarify since targeted over-activity of the beta-cell K ATP channel induces profound neonatal diabetes [7] . Thus, endogenous compounds reducing the sensitivity of the channel to nucleotide inhibition have a dramatic effect on insulin secretion, showing a crucial requirement for adequate control of K ATP channel activity in normal regulation of insulin release. One such group of endogenous compounds could well be LC-CoA esters.
